Abstract: A confined, evanescent nano-source based on the excitation of Surface Plasmon Polaritons (SPP) on structured thin metal films is proposed. With the help of a suitable cavity, we numerically demonstrate that it is possible to trap SPP over a spatial region smaller than the diffraction limit. In particular, the enhanced plasmonic field associated with the zero-order cavity mode can be used as a virtual probe in scanning near-field microscopy systems. The proposed device shows both the advantages of a localized, non-radiating source and the high sensitivity of SPP-based sensors. The lateral resolution is limited by the lateral extension of the virtual probe. Results from simulated scans of small objects reveal that details with feature sizes down to 50 nm can be detected.
Introduction
One of the basic requirements of many super-resolving imaging systems is to illuminate the sample with a highly confined optical field. Well-established Scanning Near-field Optical Microscopy (SNOM) techniques can accomplish this in different ways. For example, it is possible to obtain a localized field by tightly focusing higher-order Hermite-Gaussian beams on metal tips, which can be employed as nano-sources [1] . Another possibility is to use metal-coated tapered monomode optical fibers having a subwavelength hole at the apex [2] or microfabricated fully metal-coated probes [3] . Some investigations based on numerical calculations (see, for example, Ref. [4] ) and experimental measurements [5, 6, 7] revealed that the strongest localization of the emitted field is connected to the presence of a longitudinally polarized field. Nonetheless, the main drawback in the exploitation of such a field is the necessity of the probe itself, which is, in general, fragile and difficult to reproduce on a large scale.
One solution to this problem was suggested by Grosjean et al. [8, 9] , who proposed the use of virtual (or immaterial) tips, in near-field microscopy. In those papers, the authors describe the concept of a virtual tip as a purely evanescent pattern obtained by suitable interference of radially polarized Bessel-Gauss beams at the hemispherical surface of an axicon element. The experimental setup allowed the generation of an evanescent, non-diffracting and longitudinally polarized field confined over a circular region of diameter ∼ λ /5, to be used for sample illumination. Another realization of a non-radiating source is presented in Ref. [10] , where the combined use of interfering waves and filtering masks produced a virtual optical probe having FWHM = 0.42λ .
In this paper, we consider an innovative solution for a non-radiating and highly spatially confined light source. Such a source is obtained by a proper excitation of Surface Plasmon Polaritons (SPP). In particular, the field enhancement produced by SPP excited in a suitable Distributed Feedback System (DFS) can be used as a virtual optical probe. During the few last years, optical phenomena linked to SPP have attracted attracted gaining interest, mainly due to the possibilities of applications such as plasmonic crystals and photonic surfaces [11, 12, 13, 14] , plasmonic band gap lasers [15] and two-dimensional optics [16, 17] . A number of different types of metallic micro-cavities for SPP have also been considered in the past: most of them being buried in the metal film [18] or placed out-of-plane with respect to the propagation direction of SPP [19, 20, 21] . In the present work we consider the possibility of using a plasmonic field as a nano-source for near-field microscopy. This choice is particularly interesting for several reasons. Most importantly, as will be shown, the proposed device couples the benefits of highly-sensitive, plasmon-based sensors [22] and strongly confined, non-radiating sources.
SPP can be coupled on metallic nano-particles or metallic surfaces. A strong field localization effect can be observed with metallic nano-particles [23] , but it is hard to exploit it because of the practical difficulty of handling small objects. Alternatively, SPP localization can be achieved by structuring planar metallic surfaces. We propose a flat surface surrounded by a pair of sinusoidal gratings acting as Distributed Bragg Reflectors (DBR) for surface waves. With this configuration, as SPP are trapped in the flat region by the DBRs, they show a cavity-like resonating behavior. The field enhancement associated with the lowest order mode is then used as a plasmonic virtual probe.
In order to perform our numerical analysis, we implemented the differential method of Chandezon, the C-method, (see, for example, Ref. [24] ) and its extension to multilayered periodic gratings proposed in Ref. [25] . This method is particularly suited for studying this kind of problem since it allows smooth grating profiles to be considered without performing any multi-layer structure discretization [12, 26, 27 , 28].
Excitation of surface plasmon polaritons on flat and corrugated surfaces
Surface Plasmon Polaritons are associated with strong electromagnetic fields confined at metaldielectric interfaces, where the real part of the permittivities of the two media have opposite signs. SPP can be excited under specific illumination conditions: in the following we will consider the two-dimensional Kretschmann configuration, as shown in Fig. 1 .
A thin film of silver is deposited on the flat surface of a semi-cylindrical glass lens. The incident radiation is a p-polarized plane wave passing through the glass and then impinging on the metal layer with a varying angle θ with respect to the surface normal. The illuminating plane wave is associated with a magnetic field vector having amplitude |H 0 | = 1 and orientation parallel to the z-axis. The coupling of photons to plasmon polaritons at the metal-air interface is monitored by means of the normalized coefficients R and T , defined as the sum of the reflected and transmitted order efficiencies (η r i and η t i , with i = 0, ±1, ±2,...) as shown in Eq. (1):
The values of the permittivities of Silver ε Ag (λ ) used in the calculations are taken from Johnson and Christy [29] . Light incident at angle θ with respect to the surface normal, hits the silver film deposited on the flat surface of a cylindrical glass lens and is then reflected. The reflected light is used to monitor the coupling of photons with plasmon polaritons at the metal interface.
In order to realize a DBR, we first determine the conditions under which SPP can be coupled on a flat silver film surface and subsequently calculate the SPP wave vector associated with the propagation along the silver-air interface. The spatial periodicity of SPP is determined by the real part Re{k } of the wave vector component parallel to the interface. Once Re{k } is calculated, a suitable corrugation of the silver film is introduced in order to make a one-dimensional DBR for SPP [30] .
First we consider a flat silver film of thickness t = 50 nm. The parameter R is calculated for different illumination wavelengths λ and different incidence angles θ , according to the setup of 
Microcavities for surface plasmon polaritons
The cavity we propose consists of a flat surface region surrounded by DBR on both sides. Two possible arrangements are considered, as shown in Fig. 4 . In the case of Fig. 4 (a) the modulation is a raised profile on the surface of the metal layer, while in the case of Fig. 4 (b) the modulation is etched into the metal layer. In both cases, the silver film thickness corresponding to the flat region is t = 50 nm. The C-method is a Fourier-based method for solving periodic diffraction problems. Therefore, the case of a single cavity surrounded by Bragg mirrors cannot be treated directly with such a method, since an infinite calculation domain should be considered. Nevertheless, approximate solutions are possible, for example by using a super-lattice of cavities. Each cavity is separated from its neighbors by a Distributed Bragg Reflector (DBR) of finite length. In such a situation, a critical parameter is the length of the DBR: too large DBRs are impractical, while too short DBRs allow strong cross-talk effects between cavities. Spurious cross-talks can be reduced using several approaches (see, for example, Ref.
[32]). In our case, we performed a preliminary set of test calculations in order to find a reasonable value for the DBR length. We monitored the field enhancement factor associated with the SPP inside the cavity as a function of the number of DBR periods on each side of the flat region. The result is shown in Fig. 5 . The influence of the cross-talk has been evaluated by calculating the field enhancement inside the cavity as max |H SPP (x, y) | 2 /|H 0 | 2 . We observed that the field enhancement factor converges asymptotically as the length od the DBR increases. If the number of DBR periods is ≥ 8, the field enhancement factor shows small variations ≤ 1% . The compromise we adopted is to consider 10 grating periods on each side of the cavity. In Fig. 6 the coefficients R and T are plotted as functions of the cavity length L. Data points associated with the minima of R and maxima of T correspond to the excitation of different modes in the cavity. The zero-and the first-order modes are found at L n=0 = 112 nm and L n=1 = 330 nm respectively. Calculations are in good agreement with the prediction of the well-known formula
This result demonstrates the resonant behavior of the structure under investigation. Both configurations shown in Fig. 4 present the same behavior. The ripple effect present in the T profile is mostly liked due to a secondary resonance which has no significative impact on the performances of the device. It is interesting to remark that, close to the resonance points, the SPP is partially converted into free-space propagating photons, as the non-zero value of the transmission coefficient demonstrates. This phenomenon is attributed to the scattering performed by the surface discontinuities at the cavity boundaries. A similar effect is also frequently observed in the case of photonic crystals. In order to minimize this effect it has been demonstrated that it is possible to design modulated profiles to achieve adiabatic mode conversion between the topographically different regions of space [33] . Unfortunately, in our case, a smoother change between allowed (flat region) and forbidden (DBR) regions would present a drawback in terms of quality of the virtual tip as will be shown in the next section.
Plasmonic virtual probe
The goal of this work is to demonstrate that a localized, non-radiating light nano-source can be realized by coupling SPP onto a suitable resonant metallic structure. For this reason, we focused our attention on the lowest-order cavity mode. Calculations of the squared amplitude distribution of the magnetic field associated with the zero-order are shown in Fig. 7 for both of the considered configurations. At the metal-air interface, a field enhancement factor max |H SPP (x, y) | 2 /|H 0 | 2 = 120 is found. Although the lowest order modes are excited in both cases at the same cavity length L n=0 = 112 nm, their near-field distributions are significantly different. In fact, in the case (a), the n = 0 mode has a node in the center of the flat region, while in case (b) it shows a maximum of amplitude. The presence of the two lobes makes the configuration (a) unusable to generate a single, localized and non-radiating light source. On the other hand, configuration (b) is more interesting for our purposes because of the single central lobe confined to a region ≤ 100nm. In the following, the near-field distribution shown in Fig. 7 (b) will be named a plasmonic virtual probe. Its electric field vector is oriented along the y-direction. The presence of lateral lobes surrounding the virtual probe is undesirable for light nanosource applications. Sidelobe intensity is directly connected to DBR amplitude. As the modulation amplitude increases, the sidelobes are reduced, while the lateral extension of the SPP mode in the flat region remains unchanged. Unfortunately, a large modulation amplitude introduces strong perturbations of the SPP mode, leading to an increase in scattered light. We considered different modulation schemes in order to achieve an acceptable trade-off. An interesting result is reported in Fig. 8 . In this case, the first half-period of the DBR is etched with a much larger depth, which results in a more dramatic SPP damping and a consequent decrease of the sidelobe intensity. As expected, we found a larger diffraction efficiency (T = 24%) for the transmitted light as compared to T = 13.8% calculated for the configuration of Fig. 7(b) . The field enhancement factor at the metalair interface is reduced to a value of max |H SPP (x, y) | 2 /|H 0 | 2 = 94. In this configuration, the squared magnetic field distribution of the virtual probe close to the metal surface is described by a gaussian profile having σ = 40 nm. In conclusion, a better quality of the virtual probe can be obtained to the detriment of a smaller SPP coupling efficiency and a larger amount of transmitted light.
Scan of a small defect in a glass plate
One of the possible applications of the proposed plasmonic virtual probe is as light nano-source in a Scanning Near-field Optical Microscope system. As the excitation of SPP is highly sensitive to perturbations at the metal-air interface, the behavior of the plasmonic virtual tip when a sample is brought into close proximity constitutes an important topic to investigate. For this reason, the scan of a small object has been numerically simulated. In particular, we are interested in evaluating the contrast of the detected signals as the sample is scanned through the virtual probe. The considered sample consists of a flat glass plate having a small defect, whose profile is given by:
where h = 50 nm, s = 10 nm and w = 20 nm. The scanning variable ∆ tracks the object lateral position with respect to the system of reference of the virtual probe. The sample must be placed close enough to the metallic structure to perturb the SPP: to this end we choose a distance of 100 nm from the cavity. In Fig. 9 , the squared magnetic field in the region between the cavity and the sample is shown. Fig. 9 . A glass plate with a small defect is scanned by the virtual probe. The sample introduces a strong perturbation in the neighborhood of the metal surface that gives rise to a dramatic loss in the photon-plasmon coupling efficiency.
We remark that the energy contained in the SPP mode is strongly decreased due to the presence of the sample. The light is scattered into the transparent sample or reflected back into the glass with diffraction efficiencies T = 24.25% and R = 72.25% respectively and almost all of the energy hitting the silver film is re-radiated (R + T = 96.5%). During the scan, the interaction of the sample with the virtual probe can be monitored by collecting the light scattered by the sample (T ) or the light reflected by the silver film (R). As the defect moves in the positive xdirection, the R(∆) and T (∆) coefficients are calculated and plotted as functions of the defect position ∆ (Fig. 10) . The curve in Fig. 10(a) represents the reflected light as the defect moves through the virtual probe. The overall modulation of the signal is very small (δ R ≈ 0.5%) and its shape shows a central peak that is much broader than the extent of the defect. In particular, we observe that this curve is very similar to the squared field amplitude distribution of the SPP mode along the line x = 150 nm. We can argue that, as the lateral extension of the defect is smaller than the lateral dimensions of the virtual probe, the reflection coefficient profile reproduces the virtual probe squared field as probed by the defect itself. The profile shown in Fig. 10(b) represents the percentage of light that is transmitted into the glass plate. Here, the modulation is larger than in the previous plot (δ T ≈ 4.2%) and its central peak much narrower. The profile shows the clear signature of the defect shape scanned through the virtual probe. Far away from the virtual probe, the modulation becomes negligible and the value of the transmission coefficient reaches the asymptotic value of T = 24.25%. It is interesting to remark that the curves R(∆) and T (∆) are not directly correlated and the sum R(∆) + T (∆) is not constant along the scan path. In order to explain this effect, absorption by the silver film must also be considered in addition to the radiative power (reflected and transmitted). Absorption is indeed proportional to the SPP coupling efficiency, that is highly sensitive to perturbations in close proximity of the metallic surface. In general we may say that, if perturbations are small, both reflected and transmitted power are small and viceversa, till a certain limit (depending on the kind of metallic structure) is reached. In the present case, as scatterer moves through the virtual probe, the plasmonic field is perturbed in a non-trivial way, leading the SPP coupling efficiency (and thus absorption) to vary significantly.
The simple situation considered here shows that objects having dimensions ≈ 50 nm can be detected with a relative contrast of δ T /T ≈ 17.3% by collecting the scattered light. On the other hand, the reflected light signal is weakly sensitive to objects smaller than the lateral extension of the virtual probe.
Summary and conclusion
Computational investigations on the application of a plasmonic virtual probe as a non-radiating nano-source in near-field microscopy have been performed.
We first demonstrated that such a virtual probe can be generated by a properly corrugated thin metallic film supporting SPP modes. The two-dimensional configurations considered in this paper are suitable for the generation of longitudinally polarized fields localized in a region < 100 nm wide. We also demonstrated that, within certain limitations, it is possible to enhance the characteristics of the virtual probe in terms of SPP excitation efficiency, field enhancement and sidelobes intensity.
Such a device is very sensitive to environmental conditions because of the plasmonic nature of the excited field. When resonance conditions are met, the strength of the excited plasmon field is strongly sensitive to small changes in the refraction index at the metallic/dielectric interface. This effect is widely exploited in plasmon-based sensors. We demonstrated that it can also be usefully exploited in a near-field scanning system. The scan of a small defect in a flat glass plate has been numerically performed. Two outputs have been considered: the light reflected from the silver-glass interface and the light scattered by the sample. In particular, we observe a strong modulation of the scattered light as the defect is scanned through the virtual probe. Such a signal modulation is essentially due to the plasmon sensitivity to refractive index perturbations in close proximity of the metallic surface. With the combined use of these two signals, it is possible, in principle, to detected small objects with dimensions of few tens of nanometers.
